Abstract. Vegetation fires produce biomass combustion residues, with colour varying from dark black char to white mineral ash. The colour-lightness of char and ash combustion residues is a qualitative parameter describing the post-fire condition of burned areas, and has been correlated with the completeness of combustion, fire intensity, and fire duration. Researchers have suggested that visual comparison of combustion residue samples with a standard grey scale would enable reliable combustion residue colour-lightness estimation. This paper describes an experiment aimed at assessing if colourlightness can be estimated using a standard grey scale. Fifteen combustion residue samples with colour-lightness ranging from black char to white mineral ash were collected in the Northern Territory, Australia, and visually evaluated by three individuals using a grey scale. The grey-scale scores (0-19) were compared with the mean visible (390 to 830 nm) wavelength combustion residue reflectance (0-1) measured with a portable spectroradiometer. A significant linear relationship between the grey-scale scores and the mean visible combustion residue reflectance was found (R 2 ¼ 0.816 with a linear fit, R 2 ¼ 0.936 with a logarithmic-transformed fit). This finding suggests that combustion residue colourlightness can be assessed in the field using inexpensive grey scales, and that this technique is a suitable avenue for future research on the field assessment of fire characteristics and effects.
Introduction
Vegetation fires produce biomass combustion residues, with colour varying from dark black char, the primary by-product following pyrolysis of volatiles in vegetation, to white mineral ash, produced when vegetation has undergone complete or nearcomplete combustion. White ash can be deposited by energetic grass fires that last for seconds and can also be produced within fires burning large fuel items (e.g. logs and tree branches) over periods of days . Although it is possible to attain a spatially continuous coverage of black char across a landscape, white ash is generally spatially discontinuous and patchy. Combustion residues have different shades of grey owing to the mixing of black char and white ash in different proportions .
Studies have demonstrated that the abundance of black char and white ash is a correlate of various post-fire effects and that the colour-lightness of combustion residues is related to the fire intensity, combustion completeness, and fire duration (Stronach and McNaughton 1989; McNaughton et al. 1998; Landmann 2003; Roy and Landmann 2005; Smith et al. , 2007 Lentile et al. 2009 ). The fire intensity refers to the rate of energy release, usually the energy released per length of fire front (W m À1 ) (Byram 1959) . The combustion completeness (unitless) is the fraction of fuel exposed to the fire that actually burns Shea et al. 1996) . These variables are important for understanding the effects of fire on vegetation structure and ecosystem processes (Trollope and Tainton 1986; Williams et al. 1998) and for estimating the amount of biomass burned and therefore trace gas and particulate emissions to the atmosphere . McNaughton et al. (1998) suggested that relationships between the colour-lightness of combustion residues and ground measurements of fire characteristics could be used to calibrate remote-sensing methods capable of retrospectively estimating fire characteristics over large areas.
Satellite data have been used to monitor fire for more than two decades using computer algorithms that detect the location of active fires at the time of satellite overpass, and in the last decade using burned area mapping algorithms that map the spatial extent of the areas affected by fires (Lentile et al. 2006; Roy et al. 2008) . Char and ash reflectance cannot be retrieved reliably on a systematic basis from satellite sensor data, however, because of factors including the spatial heterogeneity of the fuel load, fire behaviour and area burned, relative to the satellite sensor spatial resolution. observed a quadratic relationship between the change in reflectance due to vegetation fire and the fire duration, effectively charting the decrease in reflectance from vegetation to black char and subsequent increase in reflectance to white mineral ash. Roy and Landmann (2005) demonstrated, using a simple spectral mixture model of fire effects, and by comparing ground measurements with 30-m Landsat satellite data, that the change in reflectance due to vegetation fire was linearly related to the combustion completeness multiplied by the areal proportion of the pixel affected by fire. and noted that sensors with spatial resolutions higher than those of 30-m Landsat sensors are generally required if patches of white ash are to be used to infer fire characteristics. In addition to spatial resolution issues, the persistence of char and ash depends on rates of dissipation by wind and rain, and so remotely sensed char and ash reflectance can change rapidly relative to daily polar-orbiting satellite observation frequencies (Trigg and Flasse 2000) . These satellite remote-sensing spatial and temporal resolution constraints may be reduced if airborne platforms are used. However, with all airborne and satellite remotely sensed data, the burned surface can be obscured by overstorey tree canopy and vegetation cover (Pereira et al. 2004) and it may be difficult to differentiate between char and ash and other scene elements, for example, between white ash and highly reflective soil, or between black char and dark soils or shadows (Souza et al. 2005) . Ground-based measurement of reflectance with portable field spectroradiometers largely overcomes these issues (Trigg and Flasse 2000; Landmann 2003; but field spectroradiometers require specialised expertise to operate and are expensive and delicate instruments that cannot be used to quickly measure reflectance over large areas. Stronach and McNaughton (1989) noted significant relationships between relative visual rankings of combustion residue colour-lightness and fire properties, and suggested that visual comparison of combustion residue samples with a standard grey scale would enable more reliable colour-lightness estimation. Grey scales are available as printed sheets with graduations of grey from black to white and are used to calibrate photographic equipment (Eismann and Duggan 2008) . They are very inexpensive and simple to use compared with field spectroradiometers, and so provide the potential for rapid assessment of combustion residue colour-lightness over large areas. The purpose of this paper is to establish if combustion residue colour-lightness can be estimated using a standard grey scale. This is achieved by comparison of grey-scale colour-lightness assessments with visible wavelength spectroradiometer reflectance measurements of char and ash samples selected to encompass a range of colour-lightness.
Study site
Field measurements were made in the early dry season (July 2009) around the Western Arnhem Land Fire Abatement (WALFA) project Kabulwarnamyo field base camp, located ,300 km east of Darwin, Northern Territory, Australia. The WALFA study site is on the Arnhem Plateau, a tropical savanna monsoonal system with a very low population density (o0.01 persons km
À2
) and covering ,24 000 km 2 ). The landscape comprises sandstone heaths and low open woodlands, comprising many obligate seeder shrub species with scattered emergent trees interspersed with highly flammable hummock spinifex grasses and with open conifer and evergreen rainforest communities, primarily Callitris intratropica and Allosyncarpia ternate (Yates et al. 2008; Edwards and Russell-Smith 2009) . Approximately 35% of the landscape was fire-affected on average annually for the period 1997-2005, with most fires occurring in the late dry season under severe fire-weather conditions (Yates et al. 2008) .
Method

Combustion residue collection
Several prescribed fires were lit in conjunction with prefire, burning, and post-fire ground and helicopter measurements in support of the WALFA project (Russell- ). Ash and char samples were collected opportunistically over a 3-day period immediately after fires had burned and up to 1 day post fire. Samples were collected from burned grasses, tree limbs, and trunks. A total of 15 samples were selected to encompass as much as possible the complete range of combustion residue colour-lightness from black to white. This was challenging and only homogeneous patches with uniform combustion residue colour and covering an area of at least 10 Â 10 cm were selected; this area was selected through trial and error as providing sufficient residue material for subsequent measurement. A digital photograph was taken to document the sample (Fig. 1 ). The combustion residues were then collected carefully, by picking or brushing them into a plastic collection bag. Wind-blown and fallen twigs, leaves, soil, termite fecal matter, and any other nonburned material were not collected. Only the top ,3-5 mm of the combustion residues were collected.
Combustion residue colour-lightness assessment Measurement conditions
Within 2 hours of collection, the combustion residues in each sample were mixed thoroughly and placed on a table in a small ,5 Â 5-cm flattened heap. The table was located outside, surrounded by a wind shield oriented not to shadow the sample. The measurements were made under windless conditions, but even so, the combustion residue samples containing finer white ash samples were susceptible to air disturbances. All measurements were made under normal direct and diffuse midday sun with minimal cloud cover.
Grey-scale measurement
A Tiffen Q-13 (B&H photo, New York) grey scale consisting of a 20 Â 4-cm cardboard strip with 20 calibrated grey scales from white (score 0) to black (score 19) was used (shown in Fig. 1) . The combustion residue sample colour-lightness was independently estimated by three individuals by placing the grey scale adjacent to the flattened combustion residue heap and making a subjective visual assessment of the grey-scale value (0-19) that most closely matched the combustion residue colour-lightness. Care was taken to ensure that the samples were measured in random order and that the three individuals did not communicate their scores; this was in an attempt to ensure that any systematic differences between their assessments were maintained over all 15 samples.
Reflectance spectra measurement
The reflectance spectrum of each combustion residue sample was measured using an ASD Field Spec Pro portable field spectroradiometer (ASD Inc., Boulder, CO). The spectrometer fibre-optic cable was placed 5 cm vertically above the centre of the flattened combustion residue heap, yielding an approximately 2.2 cm-diameter circular sensing area. A total of 300 spectra were recorded for each sample, and then the mean spectra derived. The reflectance (0-1) was output every nanometer, although the spectrometer visible wavelength spectral resolution was 3 nm (Analytical Spectral Devices 2002). Before each combustion residue sample was measured, the reflectance of a Spectralon reflectance panel (Labsphere Inc., North Sutton, NH) was measured. The Spectralon reflectance panel can be considered an ideal reflectance standard because of its almost perfectly Lambertian reflectance characteristics and high durability in field conditions (Sanches et al. 2009 ). After the field measurements were taken, the Spectralon panel was calibrated in a laboratory using a National Institute of Standards and Technology traceable Spectralon calibration target and the resulting calibration information used to calibrate the combustion residue reflectance spectra using standard approaches.
Conversion of reflectance spectra to mean visible reflectance
For each of the 15 combustion residue spectra, a single mean weighted visible reflectance value taking into account the spectral response of a typical human eye under natural daylight conditions was computed as:
where r eye is the mean weighted visible reflectance taking into account the spectral response of a typical human eye, V(l) is the typical human eye spectral response function (0-1) for natural daylight conditions, and r l is the spectroradiometer-measured reflectance (0-1) at wavelength l. The spectral response V(l) function was defined by a recently published luminous efficiency function for daylight adaptation that improves on the original International Lighting Commission definition (Sharpe et al. 2005) . Fig. 2 shows the luminous efficiency function, illustrating daylight human vision from 390 to 830 nm and how the response is highly spectrally dependent.
In addition, the mean visible wavelength (390 to 830 nm) reflectance value was computed as:
where r is the mean visible reflectance and r l is the spectroradiometer-measured reflectance (0-1) at wavelength l. Results Fig. 3 shows a plot of the grey-scale values assessed by the three individuals for each of the 15 combustion residue samples. For visual convenience, the results for each sample are plotted in increasing order of mean grey-scale value as judged by the three individuals. A range of grey scales from 3 to 17 was recorded, reflecting in part our difficulties in finding completely black char and completely white ash samples. The scatter in the y-axis is indicative of the degree of disagreement between the three individuals in assessing combustion residue colour-lightness, with minimum, median and maximum disagreements of 0, 2 and 5 grey shades respectively. The minimum disagreement was for the whitest and blackest samples; everyone scored them with grey scales of 3 and 17 respectively. The maximum disagreement occurred at intermediate grey-scale values. There was no clear systematic bias in any individual's assessment over the 15 samples. The median disagreement of two grey shades corresponds to 10% of the full 20 grey-shade range and is indicative of the likely precision of the measurement methodology for the data described in this paper. Fig. 4 shows the 15 combustion residue visible wavelength spectra. The spectra are similar to certain bare soil spectra, with no blue and red wavelength absorption features found when photosynthetically active vegetation is present, and with reflectance increasing with wavelength. Five of the spectra have much higher reflectance than the other 10 spectra, and these correspond to the whiter ash samples. The spectral signatures are similar to those published by other researchers (Trigg and Flasse 2000; Pereira 2003; Roy and Landmann 2005; . The filled and unfilled circles show the mean visible reflectance ( r) and the mean weighted visible reflectance taking into account the spectral response of a typical human eye ( r eye ) respectively. For all the spectra, r eye o r. This is because the spectral response of a typical human eye is skewed to lower wavelengths over the 390 to 830 nm range (maximal at 556 nm) (Fig. 2) and because the combustion residue reflectance increases with wavelength. For the darker combustion residue samples, the difference between r eye and r is o0.002 and the maximum difference (0.0094) occurs with the whitest sample. These differences between r eye and r are equivalent to 4.5% (darkest sample) and 7.8% (whitest sample) of the reflectance variation over the measured visible wavelength range. Fig. 5 shows the grey-scale values plotted against the mean weighted visible reflectance taking into account the spectral response of a typical human eye ( r eye ) for the 15 combustion residue samples. against each of the 15 r eye values. Simple linear regression fits of these data (solid lines) and the coefficient of determination (R 2 ) (used to indicate goodness-of-fit) are illustrated. The regression computed using the mean grey-scale value for each combustion residue sample, rather than the three grey-scale values, has a very similar fit but inflated R 2 value (which is expected from statistical theory). In both plots, there is a statistically significant relationship between the grey-scale values and r eye (top:
À5 ). Humans sense brightness approximately logarithmically over a broad range of visible wavelengths (Sharpe et al. 2005) . Taking the natural logarithm of the data in each axis of Fig. 5 provides a more linear relationship between the data. The natural logarithm of the three sets of grey-scale values plotted against the natural logarithm of the 15
r eye values has an R 2 ¼ 0.891 (n ¼ 45, P ¼ ,0) and the natural logarithm of the mean of the three grey-scale values plotted against the natural logarithm of the 15
r eye values has an
Very similar results were found using the mean visible wavelength ( r) rather than the mean weighted visible reflectance taking into account the spectral response of a typical human eye ( r eye ). The results for the three sets of grey-scale values plotted against each of the 15 r values had only slightly smaller R 2 values (differences in the third decimal place) and slightly different slope regression coefficients (0.8 and 2% for the log-transformed and untransformed data respectively) compared with the r eye results. The results for the mean of the three grey-scale values plotted against each of the 15 r values were the same as the results using r eye .
Conclusion
This paper described an experiment to assess if the colourlightness of char and ash combustion residues could be estimated visually by comparison with a grey scale conventionally used to calibrate photographic equipment. Fifteen combustion residue samples with colour-lightness ranging from black char to white mineral ash were collected in the Northern Territory, Australia, during the dry season. The combustion residue colour-lightness was evaluated visually under controlled conditions by three individuals. The minimum, median and maximum disagreements among the three individual's independent grey-scale assessments were 0, 2 and 5 shades of grey respectively. The maximum disagreement occurred for intermediate grey shades and highlights the challenges prevalent when visually assessing post-fire effects on vegetation and soils (Lentile et al. 2006) . The median disagreement corresponds to 10% of the grey shade range and is indicative of the likely precision of the grey-scale measurement methodology for the data described in the present study. We suggest that this 10% precision is acceptable for field measurement of combustion residue colour-lightness given the relatively quick and inexpensive nature of the grey-scale measurement approach.
Ground-based measurement of char and ash reflectance has been undertaken with portable field spectroradiometers, but spectroradiometers are expensive and delicate, and they cannot be used to quickly measure reflectance over large areas. In this study, a calibrated field spectroradiometer was used to measure the visible wavelength (390-830 nm) reflectance spectra of each combustion residue sample. The mean visible reflectance was derived as the arithmetic mean reflectance from 390 to 830 nm, and also as a weighted mean taking into account the spectral response of a typical human eye under natural daylight conditions. The grey-scale scores for the 15 combustion residue samples were compared with the 15 mean visible wavelength combustion residue reflectance values. In all cases, there was a significant linear relationship between the grey-scale scores and the mean visible reflectance (R 2 ¼ 0.816 with a linear fit, R 2 ¼ 0.936 with a logarithmic transformed fit). There was no significant difference between the results derived using the arithmetic mean and the weighted mean visible reflectance values, indicating that the simpler arithmetic mean can be used.
The results of this study indicate that visual assessment using a grey scale, if repeated independently by at least three operators, provides a reliable and inexpensive way to map the colourlightness of combustion residues. This study was performed under dry conditions in the Northern Territory, Australia. The developed grey-scale field measurement approach should not be undertaken where there are spatial variations in surface moisture, as the visible reflectance of combustion residues, like soil, is sensitive to water presence (Lobell and Asner 2002) . Further research is needed to establish if the significant linear relationship between the grey-scale values and mean visible combustion residue reflectance is found under different environmental conditions, and for different fuels, fuel properties, and fire behaviours.
The colour-lightness of combustion residues is a qualitative parameter describing the post-fire condition of burned areas, and has been correlated with the completeness of combustion, fire intensity, and fire duration (Stronach and McNaughton 1989; McNaughton et al. 1998; Landmann 2003; Roy and Landmann 2005; Smith et al. , 2007 Lentile et al. 2009 ). Spatially explicit mapping of combustion residue colour-lightness over a fire-affected area provides the potential for characterisation of the spatial variability of fire characteristics and effects. This methodology may provide a complementary, and perhaps less subjective and more transferable way, to field validate post-fire effects on vegetation and soil than current fire severity field assessment methods (Key 2006) , especially when evaluating fire effects in wildland fires where prefire field data may not be available. Further research to verify this potential approach is needed, for example, by having several groups of individuals, each equipped with a Global Positioning System and with a grey scale, assess combustion residue colour-lightness across an extensive burn that has known fire characteristics and fire effects.
